induced in both vastus lateralis and soleus muscles after 30-d bedrest. These adaptations were qualitatively similar to those observed in animals in response to actual spaceflight or simulation models.
Loss of muscle mass is a major medical concern, especially during long-duration spaceflight. Therefore, various kinds of physical exercise have been performed in order to prevent muscle atrophy in space. However, effective countermeasures are not known yet. The present study was carried out since a serendipitous opportunity to investigate the effects of long-term bedrest, with or without countermeasures, on the characteristics of human soleus muscle fibers, which was designed by the Institute of Biomedical Problems (IBMP), Moscow, Russia, was obtained. This study was performed at the IBMP for the National Space Development Agency of Japan (NASDA) under contract.
MATERIALS AND METHODS
Subjects and experimental design. This study was approved by the Human Use Committee at NASDA and IBMP. Thirteen healthy Russian male volunteers with meanϮSEM age of 31.3Ϯ1.6 years (range 23-42 years), participated in this study. All subjects were evaluated clinically and considered to be in good physical condition. They were informed about the possible risks in taking muscle biopsies and a signed informed consent was obtained from each subject. Six subjects were selected as the "control group" and participated in 4-month bedrest at Ϫ6°h ead-down tilt position without applying any preventive exercise program as the countermeasure and 1 month of ambulatory recovery.
The remaining 7 subjects were assigned to the "Penguin suit group," and also performed Ϫ6°head-down bedrest, but for 2 months. They wore an anti-g Penguin suit for 10 h/d (11 A.M.-9 P.M.) and performed knee extension and flexion exercises while in a supine position in bed against a resistance of 100 N for the last 15 min of each hour. The subject's shoes were equipped with rollers on the heels which slid on a smooth surface on a platform with the ankle maintained at a relatively constant position (i.e., at ϳ10°d orsiflexed relative to a 90°ankle position). Thus, this exercise emphasized knee, not ankle, movement.
The Penguin suit group was further divided into two sub-groups, "Penguin-1" (nϭ4) and "Penguin-2" (nϭ3). Although all subjects in both groups wore the full suit assembly daily, the elastic loading element providing the strain of ankle extensors was disconnected in the Penguin-2 group. Therefore, in the Penguin-1 group, ϳ60-70 N of force was applied to the foot; the distal tarsal bones at the ball of the foot, when the subjects were plantarflexing the ankle or when the plantarflexor muscles were relaxed. No such resistance forces on the plantarflexors were present in the Penguin-2 group.
The meanϮSEM age, body weight (before/after bedrest), and height in the control group were 30.8Ϯ3.1 years, 80.0Ϯ7.6/82.7Ϯ7.0 kg, and 181Ϯ 2 cm, respectively. Those in the Penguin-1 and Penguin-2 groups were 30.5Ϯ1.9 years, 72.0Ϯ3.3 kg, and 180Ϯ3 cm, and 33.3Ϯ2.9 years, 70.0Ϯ6.8 kg, and 176Ϯ2 cm, respectively. There was no statistical difference in any parameters between each group. The subjects were fed 3 times a day with approximately 3,000 kcal of total energy intake.
Biopsy. Biopsy samplings of soleus muscle in the control group were performed 4 times: before bedrest, 2 and 4 months after bedrest, and 1 month after recovery from bedrest. Muscles in the Penguin suit group were sampled twice: before and after ϳ2-month bedrest. The tissue samples were taken from the left soleus muscle by needle biopsy [13] , keeping the subject in a prone position. Local anesthesia was given by intracutaneous injection of 4 ml of 2% lidocaine hydrochloride solution. Then, a skin incision (5 mm) was performed using a disposable sterile blade. Through the skin incision, a Bergstrom sterile needle was inserted towards the center of the muscle (2-3 cm in depth). To obtain the required volume of muscle sample, 2-3 sections of tissue were taken into the needle cylinder with the help of a piston. The samples were taken from the needle and mounted on a cork using OCT compound (Miles, Inc., IN, U.S.A.) and quickly frozen in isopentane cooled by liquid nitrogen. Special attention was paid to the orientation of muscle in order to keep a perpendicular position. These tissues were stored at Ϫ80°C until they were analyzed.
Histochemstry. The histochemical analysis of fiber phenotype was performed following the methods described by Nwoye et al. [14] . Briefly, serial cross sections (10 m thick) were cut in a cryostat maintained at Ϫ20°C. The sections for qualitative staining of myofibrillar adenosine triphosphatase (ATPase) were pre-incubated at pH 4.3, 4.6 and 10.7. The images were incorporated into an image processing system (Color Image Processor, SPICCA-II, Nihon Avionics, Tokyo, Japan). The stained images were digitized as gray-level pictures [15] . Arrays of picture elements were quantified to 256 gray levels that were then converted automatically to an optical density (OD). The CSA of each fiber was also analyzed. Ap-proximately 120 fibers were analyzed in each muscle sample.
Immunohistochemistry. Immunohistochemical analysis of myosin heavy chain (MHC) content in individual fibers was also performed on 10-m-thick serial cross sections by using a series of monoclonal antibodies (mAbs) specific to MHC isoforms. The avidin-biotin immunohistochemical procedure was used for the localization of MHC-specific primary antibody binding according to the instructions for Vectastain ABC kit (Vector Laboratories, Burlingame, CA, U.S.A.). Phosphate-buffered saline (PBS) was used as a buffer. These sections were incubated for 20 min in a blocking solution and overnight (4°C) with primary mAb specific to slow or fast MHC. After extensive washing in PBS, tissues were incubated in biotinylated secondary mAb and ABC reagent for 1 h, respectively. Color development was performed using a horseradish peroxidase-diaminobenzidine tetrahydrochloride (HRP-DAB) kit from Vector. Each tissue section was washed extensively with PBS between each antibody incubation. The sections were dipped in 75, 95 and 100% ethanol and xylene, and were mounted with Eukitt (O. Kindler, Germany). The fibers analyzed histochemically and immunohistochemically were matched. The fiber phenotypes were classified as slow, fast, or intermediate according to the OD in each section. The OD levels for classification of fiber phenotype were not necessarily the same for all sections, because the staining intensity is not necessarily constant depending upon the staining condition and/or sections. Further, the fibers that responded positively for both slow and fast antibodies were classified as intermediate.
Statistical analyses.
Values were expressed as meanϮSEM. Significant differences in the "control group" without countermeasures were determined with analysis of variance followed by Scheffe's post hoc test. The differences in "Penguin suit group" with countermeasures were determined by one-tailed Soleus Fiber Responses to Bedrest 
RESULTS
A typical example of histochemical response of fiber phenotype and CSA in soleus muscle to 4-month bedrest without countermeasures in one subject is shown in Fig. 1 . Generally, muscle fiber atrophy and transformation of fiber phenotype toward fast-type were observed in response to bedrest. However, these phenomena tended to be normalized following ambulatory recovery.
Muscle fiber type
Control group. The pre-bedrest soleus was composed of approximately 90% of slow fibers (Fig.  2) . The remaining fibers were fast (ϳ9%) and intermediate (ϳ1%) types. The percent distribution of slow fibers decreased following long-term bedrest without countermeasures, although such changes were not significant statistically. The percent distribution of intermediate fibers increased, on the contrary, during bedrest, and the percent intermediate fibers reached to 15% (pϽ0.05) 4 months after bedrest without countermeasures. Such a shift of fiber type toward fasttype was not normalized following 1-month recovery.
Penguin suit group. The fiber-type composition in the soleus muscle of the Penguin suit group before initiation of bedrest was almost the same as the control group (Fig. 3) . The shift of fiber phenotype toward fast-twitch type was not completely prevented by wearing the anti-g suit for 10 h/d or by 2.5 h of daily leg exercise during bedrest. The percent of slow fibers in both Penguin suit groups decreased insignificantly, and the percent of fast fibers increased in general (pϾ0.05). The percent intermediate fibers tended to increase following bedrest as was seen in the control group (Fig. 2) . Statistical significance was seen in the increase of intermediate fibers when the data in both Penguin suit groups were combined (pϽ0.05). These results agree with the findings, reported by Allen et al. [1] , that 2 weeks of spaceflight in rats caused an increased percent distribution of fibers coexpressing type I and II MHC or resulted in a de novo appearance of fibers expressing hybrid MHC. Responses of fiber-type transformation were similar for both groups. The data suggest that wearing an anti-g suit with or without loading does not prevent fibertype transformation. Muscle fiber cross-sectional area Control group. The fiber CSAs in slow fibers decreased following 2-and 4-month bedrest (pϽ0.05) without daily exercise as a countermeasure (Fig. 4) . The CSAs of slow fibers were also significantly less after 4 compared to 2 months of bedrest (pϽ0.05). Further, a similar tendency was seen in fast fibers (pϾ0.05). No atrophy was induced in the intermediate fibers. Atrophy in slow fibers was normalized during 1-month recovery. The CSAs of fast fibers 1 month after recovery were greater than those seen 2 and 4 months after bedrest (pϽ0.05).
Penguin suit group. Bedrest-induced fiber atrophy was not prevented in the Penguin-2 group (Fig.  5) . The CSAs in slow fibers were significantly decreased after 2-month bedrest (pϽ0.05). However, fiber atrophy was prevented in the Penguin-1 group. Although greater differences were seen in the mean values of the intermediate fibers in both Penguin-1 and -2 groups, they were not significant statistically because the percent distribution of fibers was almost zero before bedrest.
DISCUSSION
Muscle fibers atrophy and fiber phenotype is shifted toward fast-twitch type in antigravity muscle following spaceflight [4, 5] . Such phenomena may be the adaptation to gravitational unloading. However, these changes are big medical concerns, especially in response to long-term spaceflight or bedrest. Therefore, the development of an effective countermeasure is essential. The effects of long-term bedrest with or without countermeasures on the characteristics of human soleus muscle fibers were investigated in the current study.
Muscle fiber size. In the present study, atrophy was induced mainly in slow-twitch fibers following bedrest. The CSAs of slow fibers were ϳ32% less 4 months after than before bedrest. These findings are generally in agreement with those of previous studies that observed preferential atrophy of slow fibers expressing type I MHC compared with fast fibers expressing type II MHC [1, 3, 12, 16, 17] . Bedrest-induced fiber atrophy was prevented in the Penguin-1 group, but not in the Penguin-2 group. Further, the reduction of fiber CSA was normalized during 1 month of ambulatory recovery.
The ankle joints are generally plantarflexed during bedrest, therefore the soleus is shortened passively [18, 19] . The ankle joints of subjects in the Penguin-2 group may have also been plantarflexed even when they wore the Penguin suit, because the loading element providing the strain of ankle extensors was dis-Soleus Fiber Responses to Bedrest connected. However, the soleus muscle in the Penguin-1 group may have either been stretched or maintained because of the loading element providing the strain of ankle extensors when the subjects wore the Penguin suit. Therefore, the beneficial results seen in the Penguin-1 group could be due to the daily 10-h stretching of the soleus, not necessarily due to the leg exercise, because the soleus muscle may not be loaded during the knee extension and flexion movement. Loading by wearing an anti-g Penguin suit with the elastic loading element providing a strain on ankle extensors may not be beneficial for other muscles such as ankle flexors or thigh muscles. Fiber atrophy in the vastus lateralis muscle [16] and decrease in muscle protein synthesis [20] during bedrest were also prevented by resistance exercise. It is suggested that loading on the muscle is necessary for the prevention of muscle fiber atrophy. Our previous study using rats also suggested that tension production, by keeping the muscle at or close to the optimum length, is an important factor for the prevention of atrophy [18, 21] .
Muscle fiber type. Hikida et al. [8] reported that the percent distribution of muscle fiber types in human soleus did not change after 30 d of bedrest, although fiber atrophy was induced. However, many studies have demonstrated that both spaceflight and ground-based models of hindlimb unloading [1] [2] [3] [4] resulted in a shift of fiber characteristics toward fasttwitch type in muscle containing a predominance of slow fibers. In the present study, a similar transformation of soleus muscle fibers was also induced following long-term bedrest. The percent distribution of slow fibers was ϳ90% before bedrest and ϳ75% 4 months after bedrest. The percent distribution of intermediate fibers was significantly increased. Allen et al. [1] reported that 14 d of spaceflight in adult rats caused a decrease in the soleus muscle fibers expressing pure type I MHC and an increase in fibers expressing hybrid MHC.
However, the percent distribution of those fibers expressing hybrid MHC decreased 9 d after flight (Ohira et al., unpublished observation), and the percent pure type I MHC fibers increased from the level observed immediately after flight. Such a shift of fiber characteristics toward fast-type was not completely normalized following 1-month recovery in the current study, although the mean level of slow-type distribution tended to recover. Transformation of fibers toward fast-type was also seen in the Penguin suit group. The percent slow fibers in both Penguin suit groups decreased insignificant. Wearing a Penguin suit and/or leg exercise during bedrest were not effective as a countermeasure for the prevention of fiber-type transformation. It is not clear why fiber-type transformation was not prevented by loading or stretching of muscle which was effective for the maintenance of fiber size.
Conclusion. The effects of long-term bedrest with or without countermeasures on fiber phenotype and CSA were studied in human soleus muscle. Fiber CSAs were gradually decreased following long-term bedrest. The CSAs in slow fibers decreased ϳ32% during 4-month bedrest. This reduction was normalized after 1-month of ambulatory recovery. The percent distribution of intermediate fibers was significantly elevated 4 months after bedrest, although the reduction of percent slow fibers was not significant statistically. Normalization of percent fiber type following 1-month recovery was not complete. Bedrestinduced fiber atrophy was prevented in the Penguin-1 group, but not the Penguin-2 group. Transformation of fiber type was not prevented in either Penguin suit group. It is suggested that long-term bedrest causes atrophy and a shift of fiber phenotype toward fasttwitch type in human soleus muscle. Data also indicated that loading on the muscle is an effective countermeasure for the prevention of fiber atrophy but not of fiber-type transformation. 
